Dysfunction of phagocytes is a relevant risk factor for staphylococcal infection. The most common hereditary phagocyte dysfunction is chronic granulomatous disease (CGD), characterized by impaired generation of reactive oxygen species (ROS) due to loss of function mutations within the phagocyte NADPH oxidase NOX2. Phagocytes ROS generation is fundamental to eliminate pathogens and to regulate the inflammatory response to infection. CGD is characterized by recurrent and severe bacterial and fungal infections, with Staphylococcus aureus as the most frequent pathogen, and skin and lung abscesses as the most common clinical entities. Staphylococcus aureus infection may occur in virtually any human host, presumably because of the many virulence factors of the bacterium. However, in the presence of functional NOX2, staphylococcal infections remain rare and are mainly linked to breaches of the skin barrier. In contrast, in patients with CGD, S. aureus readily survives and frequently causes clinically apparent disease. Astonishingly, little is known why S. aureus, which possesses a wide range of antioxidant enzymes (e.g. catalase, SOD), is particularly sensitive to control through NOX2. In this review, we will evaluate the discovery of CGD and our present knowledge of the role of NOX2 in S. aureus infection.
INTRODUCTION
Staphylococcus aureus infection is the signature complication of chronic granulomatous disease, a genetic immune deficiency due to a lack of the phagocyte NADPH oxidase. Thus, the phagocyte NADPH oxidase plays a key role in the defense against S. aureus. Yet, this topic has not been comprehensively reviewed, and the literature on this topic is wide. Therefore, the organization of this review was a challenge and will be as follows. We will first review chronic granulomatous disease (chapter 1), followed by an overview of genetic predisposition towards S. aureus infection (chapter 2). We will then summarize the present state of knowledge on phagocyte NADPH oxidase and the role of reactive oxygen species (ROS) in the host defense (chapter 3) and S. aureus features of relevance for its pathogenicity in phagocytes (chapter 4). We will review mechanistic studies on the role of NADPH oxidase and ROS in experimental S. aureus infection in vivo (chapter 5), and in vitro (chapter 6).
CHRONIC GRANULOMATOUS DISEASE: DISCOVERY, INFECTION PROFILE AND TREATMENT OPTIONS

Discovery of chronic granulomatous disease and phagocyte NADPH oxidase
In 1950, a 12-month-old boy consulted at the University of Minnesota Hospital because of multiple skin abscesses. The microbiology showed no evidence of fungi or mycobacterial infection, but revealed coagulase-positive staphylococci (i.e. Staphylococcus aureus). The abscesses were surgically drained and antibiotic treatment (Penicillin G) was initiated. The patient's history revealed that since birth, the boy was suffering from recurrent infections and had already been treated with penicillin and underwent surgical drainage of abscesses on several occasions. In the years following the hospital admission, the boy continued to develop infectious problems and finally died at the age of 3 1 2 years of an extensive pulmonary infection. Around the same time, three other patients with almost an identical clinical picture were treated at the University of Minnesota Hospital. All three were boys; they were not related.
This case is one of the first detailed descriptions of the genetic syndrome, which is now called chronic granulomatous disease (CGD) and was published in 1959 by Good and Bridges who called this new syndrome 'fatal granulomatous disease of childhood' (Bridges, Berendes and Good 1959) . However, Charles A Janeway, a pediatrician working in Boston, is generally credited with the first CGD publication entitled: 'Hypergammaglobulinemia associated with severe, recurrent and chronic nonspecific infection'. He described five patients with recurrent or chronic infections of skin and lungs with pathogens including S. aureus and Pseudomonas aeruginosa and was puzzled by the fact that these patients presented a hypergammaglobulinemia (Janeway et al. 1954) . He also noticed that there were two brothers among his five patients and already suggested that this might be a hereditary disease. However, the underlying pathological mechanism of CGD was not understood until 1967, when Paul Quie from the University of Minnesota demonstrated the role of phagocytes in this syndrome. He studied neutrophils of five children with CGD and analyzed their bactericidal capacity in vitro (Quie et al. 1967) . The neutrophils of these boys had a normal phagocytic capacity but failed to kill bacteria.
Already in the 1930, Baldrige and Gerard (Baldridge and Gerard 1932) had noticed 'the extra respiration of phagocytosis' (i.e. an increase in oxygen consumption during phagocytosis). This observation was followed up by Sbarra and Karnovsky (1959) who demonstrated energy requirement of phagocytosis, and by Iyer, Islam and Quastel (1961) demonstrating that this results in the generation of hydrogen peroxide. Rossi and Zatti (1964) showed that oxygen-requiring, hydrogen peroxide-producing system of phagocytes also used NAPDH as a substrate leading to the designation of the enzyme as 'phagocyte NADPH oxidase'. In 1968, phagocyte NADPH oxidase research and CGD research converged when Baehner and Karnovsky (1968) demonstrated the absence of NADPH oxidase activity in patients with CGD. The first diagnostic test developed used nitroblue tetrazolium (NBT) that reacts with superoxide by forming dark blue formazan precipitates. NADPH oxidase-deficient cells fail to reduce NBT (Baehner and Nathan 1968) . Despite its historically important role, the NBT test is now mostly replaced by the dihydrorhodamine (DHR) test, a flow cytometry analysis using DHR 123 to determine the ROS production (Emmendörfer et al. 1990) .
The first patients with CGD described were all boys and were presumably X-chromosomal-linked CGD cases. The sexlinked transmission was confirmed in 1967 when Windhorst studied the leukocytes from a family of affected boys (Windhorst, Holmes and Good 1967) . She demonstrated that in mothers of patients with CGD and in some other female family members, ∼50% of leukocytes failed to reduce NBT. This suggested that these women were heterozygous carrier of an X-linked CGD mutation with a 50% penetrance due to X inactivation. Interestingly, this loss of NADPH oxidase activity in half the leukocytes did not lead to a phenotype with an increased infection risk.
However, also in the 1960s, female cases presenting a typical CGD syndrome were reported. Ford made the first description in 1962 (Ford et al. 1962) : three sisters aged between 16 and 26 years had recurrent infections and hyperglobulinemia. In 1967, Baehner described the case of a 17-year-old girl from consanguineous parents who had recurrent respiratory tract infections and abscesses since childhood (Baehner and Nathan 1967) . Her leukocytes failed to reduce NBT but the test was normal in all family members. The girl's karyotype was normal. These observations raised the hypothesis of an alternative type of CGD mutations with an autosomal inheritance pattern.
While the X-chromosome mutation is the most common pattern of transmission in the USA and in Europe and represents two-third of CGD cases, in other countries, such as in Iran, Tunisia (Movahedi et al. 2004) or Israel (Wolach et al. 2008) , the autosomal recessive inheritance is predominant (up to 87% in an Iranian study). This is most likely explained by a relatively high number of consanguineous marriages (Fattahi et al. 2011) .
In 1978, Segal et al. discovered the cytochrome b558 by using a split beam spectrophotometer. They noticed the absence of this cytochrome b558 in all four investigated patients with CGD but also reduced concentrations in two mothers known to be carriers of the disease. These results suggested that cytochrome b558 is a subunit of NADPH oxidase and is missing in many CGD leukocytes . In 1986, Royer-Pokora identified and cloned the gene of the phagocyte NADPH oxidase catalytic unit located on the small arm of the chromosome X (Royer-Pokora et al. 1986) , which is now called CYBB or NOX2. Between 1987 and 1993, additional components of the phagocyte NADPH oxidase, namely p22 phox (CYBA), p47 phox (Ncf1), p67 phox (Ncf1) and p40 phox (Ncf4), were discovered (Dinauer et al. 1987; Volpp, Nauseef and Clark 1988; Wientjes et al. 1993) . In parallel, it became clear that NOX2 function also depends on small Rac GTPases, in particular Rac2 (Knaus et al. 1991; Heyworth et al. 1993a,b) (Table 1) . Thus, the phagocyte NADPH oxidase is a multisubunit enzyme complex with the NOX2 protein being its main functional unit. For reasons of linguistic simplicity, we will, throughout the text, refer to the entire phagocyte NADPH oxidase complex as NOX2. Worldwide prevalence of CGD is estimated to be around 1/200 000. The clinical phenotype of patients with CGD, both X-linked and autosomal, is characterized by two principal elements: (i) infection and (ii) hyperinflammation and autoimmunity. The former elements will be discussed in detail in this review. For more information on hyperinflammation and (Schäppi et al. 2008; Cachat et al. 2015) . Of relevance for the review is however an apparent contradiction in the perceived role of NOX2 in the process of inflammation. On one hand, NOX2-derived ROS have been implicated in inflammation and inflammatory tissue damage in the normal host, but on the other hand, NOX2 deficiency leads to inflammatory responses that are more severe than those seen in the normal host, hence the term CGD hyperinflammation.
Management of infections in patients with CGD
Patients with CGD typically suffer from recurrent and/or severe bacterial and fungal infections. The most common causative microorganisms are as follows: (i) catalase-positive bacteria, such as S. aureus, Burkholderia xenovorans (previously named Burkholderia cepacia complex), Serratia marcescens and Nocardia spp.; (ii) mycobacteria, including Mycobacterium bovis BCG and M. tuberculosis; and (iii) fungi, in particular Aspergillus spp. In algorithms on the prevention and the management of infections in patients with CGD, these pathogens need to receive particular attention (Winkelstein et al. 2000; Deffert, Cachat and Krause 2014) .
Phagocytes
The phagocyte NADPH oxidase NOX2 takes its name from a group of white blood cells that are referred to as phagocytes. Traditionally, phagocytes are divided into two families: granulocytes and mononuclear phagocytes.
Granulocytes
Granulocytes are divided in three main subtypes: neutrophil (also referred to as PMN, or polymorphonuclear granulocytes), eosinophil and basophil. As already suggested by their name, the cytoplasm of granulocytes contains numerous granules, which can be secreted either into the phagosome or into the extracellular space. Among granulocytes, only neutrophils are considered to be professional phagocytes, while eosinophils and basophils mainly act through releasing their granule content to the extracellular space. All three types of granulocytes contain NOX2; however, the NOX2 content is highest in eosinophils (Schrenzel, Lew and Krause 1996) , followed by neutrophils and basophils. Among the different types of granulocytes, only the neutrophil is thought to play a key role in the defense against S. aureus (van Kessel, Bestebroer and van Strijp 2014) . Neutrophils possess different types of granules that fuse with the phagosome after phagocytosis (Segal 2005) . Primary (or azurophil) granules are a specialized form of the lysosome. Primary granules contain many proteins and antimicrobial peptides, which are directly involved in microbial killing and digestion, such as myeloperoxidase (MPO) or proteinases (cathepsin G, elastase, proteinase 3, acid hydrolases); (ii) secondary (or specific) granules contain lactoferrin, which binds and sequesters iron and copper, and which are essential for the Haber-Weiss and Fenton reactions. The membranes of secondary granules are also the main reservoir for NOX2 in unstimulated neutrophils and the translocation of NOX2 to the phagosome in activated neutrophils is the direct consequence of the fusion of membrane of secondary granules with the membrane of the phagosome (Fig. 1) . Tertiary granules contain gelatinase. Secretory vesicles are thought be a specialized recycling compartment within neutrophils. These latter vesicles contain plasma proteins (e.g. albumin) and cellular membrane proteins for delivery to the phagosome.
Mononuclear phagocytes
The mononuclear phagocytes are a complex family of white blood cells, but for the purpose of this review, we will simplify and subdivide them into two cell types, namely monocytes/macrophages and dendritic cells (DCs). Macrophages are phagocytes found in virtually all tissues, often in the perivascular regions. Macrophages are of yolk sac origin; however, they can be replenished during adult life through bone-marrowderived monocytes. Monocytes are mobile cells that contain relatively high amounts of NOX2, but their ROS generation is relatively low as compared to neutrophils. Macrophages are immobile tissue cells that upregulate NOX2 upon stimulation (in particular by interferon gamma) (Casbon et al. 2012) . NOX2 is mostly found in intracellular compartments of macrophages and fuses with the phagosome upon interaction with microorganisms. While neutrophils are considered the first line of defense against S. aureus infection, there is increasing evidence that macrophages are also of importance. Macrophages might participate in S. aureus host defense either through being directly involved in killing (upregulation of NOX2 in stimulated macrophages) or through orchestration of the immune response by the release of different types of cytokines and chemokines. DCs are professional antigen-presenting cells and therefore the main type of phagocytes to communicate with the specific immune system. Basically, there are two different types of DCs: the myeloid DCs, derived from common myeloid precursors, and plasmacytoid DCs, derived from common lymphoid precursors. There is increasing evidence that NOX2 plays a role in antigen presentation by DCs (see below); however, most studies have been performed in myeloid DCs, and little attention was paid to potential differences between the two types of DCs. is free in the cytosol (left panel). After phagocytosis, the NOX2 complex is assembled through membrane association of cytosolic subunits and granules phagosome fusion leading to the production of superoxide production within the phagosome (right panel). Superoxide (O2 − ) is metabolized to different ROS through mechanisms including SOD and MPO. Oxygen-independent killing molecules, such as lactoferrin and elastase, cooperate with ROS to achieve microbial destruction. (B) Detailed view of the assembled phagocyte NADPH oxidase and its subunits.
Oxygen-dependent and oxygen-independent killing of bacteria by phagocytes
The antimicrobial activity of phagocytes can be divided in oxygen-dependent and oxygen-independent killing, depending on the requirement for oxygen.
Oxygen-dependent killing mechanism
Oxygen-dependent killing of S. aureus is the main purpose of this review and will be discussed more in detail below. However, in addition to superoxide production by the phagocyte NADPH oxidase, nitric oxide (NO) generated by nitric oxide synthases (NOS) may contribute to bacterial killing. In particular, peroxynitrite, the product of the reaction of superoxide with NO appears to be a particularly powerful killing mechanism (see below).
Oxygen-independent killing mechanism
The most important oxygen-independent killing mechanisms are bactericidal proteins or peptides residing within the granules of phagocytes. The discussion of such mechanisms is beyond the scope of our review and the interested reader should refer to reviews dedicated to this topic (Hancock and Scott 2000) .
STAPHYLOCOCCUS AUREUS AND GENETIC PREDISPOSITION TO STAPHYLOCOCCAL INFECTION
Staphylococcus aureus is a Gram-positive, coccus-shaped facultative anaerobic bacterium. Its name comes from the yellow color of the macroscopic colonies, and the grape-like clusters observed under the microscope (in Greek staphylos = grape-cluster berry and in Latin aureus = golden). Staphylococcus aureus was discovered in 1881 by a Scottish surgeon named Sir Alexander Ogston (Smith 1982) in the pus of a knee joint abscess. Staphylococcus aureus is one of the principal causes of wound and skin infection in the immunocompetent host. It may also cause a variety of invasive infections in immunecompetent individuals, from arthritis and osteomyelitis, to organ abscesses and endocarditis. However, S. aureus is also an 'opportunistic' pathogen, being one of the leading causes of nosocomial infections and of infections in patients with phagocyte dysfunction. Staphylococcus aureus has also developed resistance to multiple antibiotics, such as penicillin, penicillinase-resistant beta-lactams and-most worrisome-even to glycopeptides. Staphylococcus aureus is human specific and needs a moist environment for its survival. Thus, its long-term survival is based on the colonization of human mucosal surfaces, which occurs in ∼20%-30% of the general population without any clinical evidence of infection (Archer 1998; van Belkum 2016) . Upon the development of invasive infection, S. aureus has the ability to resist to drastic changes in environmental conditions. This resistance is mediated by an elaborate system of virulence factors. Recently reviewed elsewhere (Bukowski, Wladyka and Dubin 2010; Cheung et al. 2014; Laabei and Massey 2016) .
Neutrophils are key immune cells in the defense against S. aureus. Thus, most genetic disease leading to a dysfunction of neutrophils will enhance the risk of staphylococcal infection. Killing of bacteria by neutrophils is in general divided into oxygen-dependent and oxygen-independent mechanisms. The best example of a genetic disease that impairs oxygendependent killing is CGD, which is the main topic of the review and will be discussed below. However, there are other congenital diseases leading to an increased risk in staphylococcal infections.
Severe congenital neutropenia
Severe congenital neutropenia is a rare disease (1/200 000 individuals) that causes affected infants to have recurrent infections, especially in the lung, the skin, the liver and the sinuses (Makaryan et al. 2015) . Almost half of the patients also develop osteoporosis (Borzutzky et al. 2006) and ∼20% may have leukemia or a myelodysplastic syndrome by adolescence. This disease can result from mutations from at least five different genes that have an impact on the maturation or the function of the neutrophils (Boztug and Klein 2009) . About half of the cases are caused by mutations in the ELANE gene, encoding neutrophil elastase (Sayour, Carter and Eldjerou 2015) .
Cyclic neutropenia
Cyclic neutropenia is a rare autosomal dominant disease (1/ 1 million individuals) in which neutropenia is identified at birth or during infancy, improves after 3-5 days and reappears again ∼21 days later. Patients typically have recurrent skin, and respiratory tract infections, and often develop ulcers in the mouth and colon, accompanied by recurrent fevers and abdominal pain (Dale and Welte 2010) . Outside of the neutropenic episodes, patients are not significantly more prone to infections than healthy individuals. Again, it is mutations in the ELANE gene that cause the disease: neutrophils with abnormal production of neutrophil elastase have a shorter lifespan than normal neutrophils (Germeshausen et al. 2013 ).
Shwachman-Diamond syndrome
Shwachman-Diamond syndrome is a rare multisystemic disorder (1/200 000 individuals) caused by a mutation in the Shwachman-Bodian-Diamond syndrome (SBDS) gene on chromosome 7. The manifestations are an exocrine pancreatic insufficiency, bone marrow dysfunction with occasional episodes of neutropenia, skeletal abnormalities and immune dysfunction. The SBDS gene is involved in RNA metabolism regulation leading to defects in neutrophil motility and chemotaxis (Grinspan and Pikora 2005) . Staphylococcus aureus infections are common.
Leukocytes adhesion deficiencies
Leukocyte adhesion deficiencies are rare (1/ 1 million individuals) and affect adhesion molecules on the surface of phagocytes, leading to an inadequate recruitment to the infection site. An inherited deficiency of complement receptor 3 (CR3 or CD11b/CD18), an integrin that binds opsonic iC3b as well as non-complement ligands, causes recurrent and severe bacterial (S. aureus and/or Pseudomonas spp.) infections. Leukocytes, particularly neutrophils, cannot leave the vascular system to migrate into tissues at the time of infection or during inflammation. This condition, known as leukocyte-adhesion deficiency syndrome I (CD11/CD18 deficiency), leads to defective chemotaxis, adherence, phagocytosis and bacterial killing (Uzel et al. 2001) . Typically, patients have no pus at the sites of infection and wounds heal slowly, or the infections disseminate. Mortality during childhood is high.
Innate immunity defects
IRAK-4 and MyD88 are involved in the Toll-like receptor (TLR) pathway, innate immunity receptors that detect pathogen proteins and enhance inflammatory responses. Secretion of proinflammatory cytokines after detection of bacteria is important to control staphylococcal infection. MyD88 and IRAK-4 deficiencies confer a predisposition to invasive and noninvasive infections with S. aureus (Picard, Casanova and Puel 2011) .
Wiskott-Aldrich syndrome
Wiskott-Aldrich syndrome is a rare X-linked primary immune deficiency (1/ 100 000 individuals) characterized by microthrombopenia, severe eczema, an increased risk for infections and other autoimmune or oncological diseases. Patients often have skin, respiratory tract and digestive infections, which are often caused by S. aureus. Its survival rate has increased to 80% with the advent of hematopoietic stem cell transplantation (Bosticardo et al. 2014; Fischer et al. 2015) . The molecular mechanism of the immune deficiency associated with the Wiskott-Aldrich syndrome is not fully understood. The Wiskott-Aldrich protein is a large cytoplasmic protein, expressed in hematopoietic cells and belongs to a family of proteins involved in signal transduction. Interestingly, the Wiskott-Aldrich protein interacts with several proteins involved in the activation of the NOX2 complex (in particular rac, but also src family kinases). Whether such an interaction is involved in the Wiskott-Aldrich immune deficiency is however currently not known.
HyperIgE syndrome
HyperIgE syndrome is a rare primary immune deficiency with elevated IgE levels in the serum, dermatitis and recurrent skin and lung infections. There are several genetic causes of the HyperIgE syndrome (Yong et al. 2012) . The autosomal dominant form is due to a mutation in STAT3, a key regulator of many immunological signaling pathways (Holland et al. 2007; Minegishi et al. 2007) . In addition, patients suffer from connective tissue, cardiac, skeletal and brain anomalies (Freeman and Holland 2008) . STAT3 is ubiquitous and is present in neutrophils, monocytes, endothelial cells, mast cells, DCs and lymphocytes. STAT3 deficiencies lead to an aberrant inflammatory response and recurrent S. aureus infection. The precise mechanism how STAT3 regulates the host defense is unknown. In an experimental model of peritonitis, STAT3-deficient mice had a normal (or even enhanced) leukocyte recruitment to the site of infection, showed an increased mortality, and the ex vivo bactericidal activity of peritoneal macrophages and neutrophils was decreased (Matsukawa et al. 2003) .
Chediak-Higashi syndrome
Chediak-Higashi syndrome is a rare genetic disease characterized by severe immunodeficiency, frequent pyogenic infections, bleeding tendency, variable albinism and progressive neurologic dysfunction. The mutation is on gene CHS1/LYST localized in chromosome 1. The protein CHS1/LYST regulates intracellular proteins involved in the trafficking of exocytosis (Sepulveda et al. 2015) . Cells of the body present abnormally enlarged vesicles of lysosomal origin (lysosomes, melanosomes, platelet dense granules and cytolytic granules). Granulocytes cannot act correctly to lyse the phagocytized bacteria (Kaplan, De Domenico and McVey Ward 2008) .
ROS AND PHAGOCYTE NADPH OXIDASE IN THE HOST DEFENSE
There are seven genes coding for ROS-generating NADPH oxidases in mammals (NOX1-NOX5 and DUOX1-DUOX2). Only a limited number of these have been implicated in the host defense. The isoform mostly expressed in phagocytes is NOX2 (also referred to as the phagocyte NADPH oxidase, see above). The NOX2 complex is an assembly of five proteins (Fig. 1) (Bedard and Krause 2007) . ROS are a family of reactive compounds (Fig. 2 ). Here we discuss more in detail their potential contribution to microbial killing (Clements and Foster 1999) .
A direct role of ROS in bacterial killing
Elevated levels of ROS are able to poison bacteria (Imlay 2013) , and NOX2 provides a crucial tool for phagocytes to exploit this vulnerability. However, the mechanisms how ROS poison bacteria are only partially understood. Generally speaking, ROS may destroy microorganisms by targeting DNA, proteins and lipids (Cabiscol, Tamarit and Ros 2000) . DNA undergoes base modification, deoxyribose oxidation, DNA protein cross-linking and single-and double-strand breakage (Bandyopadhyay, Das and Banerjee 1999) . DNA damage itself is toxic; however, stresses caused by DNA repair may enhance ROS toxicity. Bacterial death has also been linked to disruption of essential iron-sulfur cluster containing proteins (Imlay 2014) . Indeed, Fe-S clusters are catalytic centers found in virtually all living organisms. They are particularly relevant for electron-transport enzymes, such as mitochondrial proteins (Fontecave and Ollagnier-de-Choudens 2008) . In the presence of ROS (superoxide and hydrogen peroxide in particular), these clusters become unstable, leading to the inactivation of the enzyme.
Superoxide (O 2 − )
NADPH oxidase receives electrons from cellular NADPH and transfers them to oxygen, forming O 2 − as its primary product.
O 2 − is membrane impermeable (Lynch and Fridovich 1978) and would theoretically accumulate within the phagosome. However, in reality, it is rapidly dismutated into hydrogen peroxide and possibly passes membranes through anion channels (Roos et al. 1984) . O 2 − is generally considered as a sluggish radical because it does not have directly the reactivity to be highly toxic to microbes (Klebanoff et al. 2013 (Klebanoff et al. 2013 ) and, at least in neutrophils, phagosomal H 2 O 2 is also rapidly metabolized by MPO (see below). However, a direct role of H 2 O 2 in the antibacterial defense should not be entirely excluded for two reasons: (i) H 2 O 2 is considerably more toxic when it is generated continuously rather than being added as a bolus (Klebanoff et al. 2013) , and (ii) cystein oxidation, which is increasingly thought be important for the function of bacterial proteins (Park and Imlay 2003) , is sensitive to very low H 2 O 2 concentrations (Rhee 2003) .
Peroxynitrite (OONO − )
OONO − may be generated inside phagocytes by the reaction of O 2 − with nitric oxide (NO) (Winterbourn 2008) . The NO for this reaction is generated by NOS, in particular by inducible iNOS, which is expressed in phagocytes under inflammatory conditions. As opposed to superoxide and hydrogen peroxide, peroxynitrite is a very reactive member of the ROS family and may kill bacteria at low concentrations (Winterbourn 2008) . Thus, it is a good candidate to participate in the NOX2-dependent killing of S. aureus. However, S. aureus contains an alkyl hydroperoxide reductase (AhpC), which is supposed to protect organisms against reactive nitrogen intermediates. The role of alkyl hydroperoxide reductase in S. aureus defense against phagocytes is unknown (Clements and Foster 1999).
Hypochlorous acid (HOCl)
Hypochlorous acid formation is a unique feature of professional phagocytes, generated through metabolism of H 2 O 2 by MPO. Note that among the mammalian heme peroxidases, only MPO is able to catalyze this reaction. HOCl is a potent antimicrobial ROS in vitro and is therefore a prime candidate to NOX2-mediated killing of S. aureus. In fact, HOCl seems to be the most effective antimicrobial oxidant, in part because of its high oxidant power (Winterbourn 2008) . However, clinical data on MPO-deficient individuals are in apparent contradiction with the concept. Indeed, MPO deficiency is frequent (1/4000) and not associated with a detectable increase in frequency of bacterial infections, in strong contrast to the recurrent infections observed in patients with CGD (Klebanoff et al. 2013) . There is no definitive answer to the question why MPO-deficient individuals do relatively well. However, it is most likely that redundant oxidative pathways exist downstream from ROS production by NOX2. In addition, some of them might be enhanced in the absence of MPO. MPO consumes large amount of H 2 O 2 , explaining the fact that cellular H 2 O 2 levels are increased in MPO-deficient phagocytes (Klebanoff et al. 2013) . This excess of H 2 O 2 has the potential to enhance hydroxyl radical production through the HaberWeiss and Fenton reactions (see below): such a mechanism has indeed been experimentally demonstrated (Winterbourn 1986 ).
Singlet oxygen ( 1 O 2 )
Singlet oxygen, which may be formed by the reaction between HOCl and H 2 O 2 , is among the most ROS. It has been mostly studied in photosynthetic microorganisms and plants where is it thought to represent a stress response that activates downstream stress-induced signaling pathways (Kim and Apel 2013) . Whether oxygen is generated downstream of the phagocyte NADPH oxidase remains an open question. On theoretical grounds, it has been argued that because of neutral pH and the relatively low concentrations of H 2 O 2 within the phagosome, the conditions for singlet oxygen formation are not optimal (Klebanoff et al. 2013) . However, in the absence of specific probes detecting singlet oxygen, no firm conclusion can be drawn. Nevertheless, in vitro evidence suggests that singlet oxygen can kill S. aureus. For example, photodynamic inactivation of S. aureus can be achieved through singlet oxygen, which is generated in vitro by exposing flavin derivatives to visible light (Maisch et al. 2014) .
Hydroxyl radical (.HO)
The hydroxyl radical is also a very ROS. It is generated from H 2 O 2 in the presence of divalent iron (Fe 2+ ) through the Fenton reaction (Fig. 2) . The divalent iron, necessary for the reaction, is thought to be generated through the Haber-Weiss reaction, i.e. the reduction of trivalent iron (Fe 3+ ) through superoxide. Alternatively, divalent iron could be generated through cellular ferric reductases (e.g. Steap proteins) (Kleven, Dlakić and Lawrence 2015). The . HO species seems to be the strongest oxidant produced in biological system with a high reduction potential (Buettner 1993) , suggesting a good microbicidal activity (Ohara and Sayuri 2011) . From a biochemical point of view, the phagosome, where NOX2 generation of superoxide and its dismutation to hydrogen peroxide occurs, is the most likely site for hydroxyl radical formation. However, several mechanisms within the phagosome are likely to limit hydroxyl radical generation: (i) MPO keeps H 2 O 2 levels low (see above). However, as discussed above, these levels are much higher in MPO-deficient phagocytes, raising the possibility that hydroxyl radical might be generated in MPO deficiency; (ii) the phagosomal membrane has a transporter, Nramp1, which efficiently transports divalent iron out of the phagosome. But this mechanism is also thought to be antimicrobial because it limits iron availability to phagocytosed microorganisms; (iii) phagosomal iron-binding proteins, in particular lactoferrin (Rosen et al. 1995) that is contained within secondary granules (see below), lead to the formation of a noncatalytic form of iron that cannot be used for the Haber-Weiss reaction (Winterbourn 1983; Baldwin, Jenny and Aisen 1984; Buettner 1987) . Thus, similarly to what is described above for singlet oxygen, it is presently not clear how much hydroxyl radical is generated in response to NOX2 activation.
Indirect involvement of NADPH oxidase in bacterial killing through modulation of phagosomal pH and cellular signaling
NOX2 not only plays a role in microbial killing through ROS production, but is also implicated in many immune responses and inflammation regulation.
NOX2 and phagosomal pH
The phagosome is in general considered to be an acidic intracellular compartment, similar to the lysosomal and late endosomal membrane compartments. However, phagosomal pH regulation is complex. Similarly, as seen in the late endosomal/lysosomal compartments, the H + -ATPase is present in phagosomal membranes and contributes to the acidification. There are also H + equivalents generated in the cytoplasm during NOX2 activation: for the two electrons transported across the plasma membrane, two protons are left behind in the cytoplasm. One of these electrons is generated when NADPH is cleaved to NADP + and the second during regeneration of NADP + to NADPH. The H + ions generated during NADPH oxidase activity are mostly eliminated through passive H + flux through the H + channel Hv1. This mechanism also contributes to acidification of the phagosome. However, at the same time, superoxide generated by NOX2 is a weak base, counteracting the acidification by the H + -ATPase and the H + channel. These general considerations concerning phagosomal pH are the same for all major phagocytes (i.e. macrophages, neutrophils and DC). However, the measured phagosomal pH depends on the cell type: macrophages have the most acidic pH (pH 4-5), neutrophils are in a neutral to basic range (pH 7-9) and DCs tend to have neutral to slightly alkaline phagosomal pH (pH 7-8) (Cachat et al. 2015; Levine et al. 2015) . Note that S. aureus is relatively resistant to acidity: its lethal pH is as low as 2 (Chan et al. 1998) , values that are probably not reached in the phagosome under physiological conditions. Thus, phagosomal acidity by itself does not represent a bactericidal mechanism for killing of S. aureus. The mechanisms of acid adaptation of S. aureus are relatively little understood and go beyond the scope of this review (Anderson et al. 2010; Rode et al. 2010) .
The reasons for the different phagosomal pH regulation within different types of phagocytes are likely to be linked to specific functions and proteins (Cachat et al. 2015) . For example, the phagolysosome of macrophages contains abundant acidic hydrolases (delivered from lysosomes), which require acidic pH for their function. In contrast, neutrophils contain abundant neutral proteases, which function best at a neutral pH. Finally, the neutral to slightly alkaline phagosomal pH in DCs has been linked to their capacity to cross-present certain antigens (see below).
In the absence of NOX2, the phagosomal pH tends to decrease in all three types of phagocytes (Cachat et al. 2015) ; this decrease has been associated with CGD pathology. In the case of neutrophils, it has been suggested that a dysfunction of neutral proteases contributes to the decreased capacity to kill microbes. For macrophages, it is less clear whether more extensive phagosome acidification could have detrimental effects on host defense.
Antigen presentation by DCs
Presentation of cytosolic antigens via MHC I is a feature of virtually any type of cell. In contrast, presentation of extracellular antigens is a feature limited to antigen-presenting cells. The most important antigen-presenting cells are the DCs; however, other types of phagocytes, in particular monocyte/macrophages are also capable of presenting extracellular antigens. Presentation of extracellular antigens typically occurs through MHC II, leading to activation of CD4+ T lymphocytes. However, through a mechanism called cross-presentation, extracellular antigens can also be presented through MHC I leading to activation of CD8+ T lymphocytes.
Production of ROS is relatively low in DCs (∼5% of levels found in neutrophils) (Elsen 2004) , compatible with the concept that NOX2 in DCs does not play a direct role in killing of pathogens. More specifically, there is evidence that DCs in the defense against S. aureus through their coordination of other leukocytes, e.g. IL-12-dependent neutrophil recruitment and activation (Schindler et al. 2012) . Most attention however has been given to the role of NOX2 in antigen presentation by DCs. Once DCs have engulfed pathogens or pathogen components, antigen processing depends on intraphagosomal pH that is subject to complex regulation that includes not only the H + -ATPase but also NOX2 (Elsen 2004) . This is a crucial step because alteration in pH can lead to inadequate processing and a subsequent inadequate antigen presentation to T lymphocytes. NOX2-deficient DCs seem to have increased antigen degradation, leading to an ineffective antigen cross-presentation in humans (Mantegazza et al. 2008 ) and mice (Savina et al. 2006) . The role of pH on antigen cross-presentation is controversial and some authors (Rybicka et al. 2012) have suggested that phagosomal proteolysis is redox mediated.
Migration and phagocytosis
Most studies investigating leukocyte migration and phagocytosis do not find an important role of the phagocyte NADPH oxidase in these cellular functions (Pollock et al. 1995) .
NETosis
During infection, phagocytes can activate an antimicrobial mechanism that is different from classical killing of invading pathogens through phagocytosis. Indeed, phagocytes may release DNA through a mechanisms referred to as NETosis. The term NET is an acronym for 'neutrophil extracellular traps', due to the fact that DNA release was first discovered in neutrophils. It should however be noted that NETosis has now been demonstrated in many different types of phagocytes, such as eosinophils, macrophages and mast cells (Stoiber et al. 2015) . NETs are acellular structures, consisting of a network of fibers of chromatin and proteins, that can trap and kill various extracellular pathogens. NET formation is impaired in NOX2-deficient neutrophils, suggesting a role for NOX2-derived ROS in the mechanisms leading to NETosis (Fuchs et al. 2007; Stoiber et al. 2015) . The exact mechanism by which NOX2 leads to the formation of NETs is not fully understood. It has been proposed that ROS can induce through several reactions the nucleosome disassembly, chromatin decondensation or intracellular membrane rupture (Stoiber et al. 2015) . It has been suggested that S. aureus has mechanisms to escape NET-dependent killing, for example, through the secretion of nuclease and adenosine synthetase (Thammavongsa, Missiakas and Schneewind 2013) .
Neutrophil apoptosis
Neutrophil apoptosis occurs at the site of infection leading to engulfment by other phagocytes, such as macrophages. This function is necessary to avoid overshooting release of neutrophil granule content and subsequent unwanted tissue damages. NOX2-derived ROS play a role in the regulation of neutrophil apoptosis (Yamamoto et al. 2002) and CGD neutrophils show delayed apoptosis, a phenomenon reversed by the addition of exogenous H 2 O 2 in vitro (Kasahara et al. 1997) . Note, however, that the role of NOX2 in neutrophil apoptosis in vivo is more complex and, in CGD models, there is not only an increased number of neutrophils in inflammatory lesions (compatible with a decrease in apoptosis), but there is also a massive increase in the number of apoptotic neutrophils (Schäppi et al. 2008) . The latter observation is also corroborated by the fact that CGD neutrophils are capable of responding to S. aureus infection with apoptosis (Yamamoto et al. 2002) .
Cytokine release
The NOX2 participation in the host response is not limited to antigen presentation and microbial killing. It is known that patients with CGD present a hyperinflammatory state caused by an increase expression of proinflammatory molecules and a decrease expression of anti-inflammatory mediators (Kobayashi et al. 2004) . Decrease autophagy in CGD phagocytes might causally contribute to increased IL-1β generation (de Luca et al. et al. 2014) , is likely to contribute to the non-infectious complications observed in these patients. The question of whether cytokine antagonists are useful for the treatment of inflammatory CGD complications is at this point not conclusively answered. In CGD mice, the concomitant deletion of the TNF gene did not prevent hyperinflammation, and patients with CGD accidentally treated with anti-TNF drugs have a high risk of dying from uncontrolled infection was observed (Deffert et al. 2011 ). In contrast, CGD mice treated with IL-1 receptor antagonist were protected from hyperinflammatory colitis and invasive aspergillosis (de Luca et al. 2014) .
2014). The increased cytokine release in patients with CGD, such as IL-1β (van de Veerdonk et al. 2010) and TNF (Rodrigues-Sousa
Calcium signaling and membrane potential NOX2 generates an electrical potential difference across the membrane through the electron transport, leading to a strong and long-lasting depolarization of the membrane potential (Jankowski and Grinstein 1999; Rada et al. 2004 ). This depolarization decreases the driving force for the influx of cations into the cell. This is particularly relevant for influx of Ca 2+ , a crucial second messenger, into activated neutrophils. Thus, through limiting Ca 2+ influx, NOX2 indirectly limits oxygen-independent neutrophil killing mechanism such as granules secretions and cytokines synthesis (Whyte et al. 1993) . In contrast, in CGD neutrophils, there is almost no depolarization of the plasma membrane in response to cell activation, allowing overshooting of Ca 2+ signaling and hence increased activation of oxygenindependent neutrophil killing mechanisms. While such an increase might be beneficial for the residual host response of CGD neutrophils, it is also likely to contribute to the phenomenon of CGD hyperinflammation (Geiszt et al. 1997) .
Antibacterial autophagy
It has been suggested that autophagy is not only a housekeeping mechanism of the cell, but also contributes to immune functions, which has led to the term 'antibacterial autophagy' (Huang et al. 2009) . A key feature of autophagy is the recruitment of the LC3 protein to the membrane of intracellular organelles, which marks these organelles for further autophagic processing (Sanjuan et al. 2007) . Two studies have demonstrated a decreased recruitment of LC3 to the phagosomes of NOX2-deficient phagocytes (Huang et al. 2009; de Luca et al. 2014 ). This suggests that impaired autophagy contributes to the increased susceptibility to infection in the context of NOX2 deficiency. It has also been suggested that this impairment of autophagy is a cause for the increase IL-1β generation in CGD (see above).
STAPHYLOCOCCUS AUREUS FEATURES OF RELEVANCE FOR ITS PATHOGENICITY IN NEUTROPHILS
Staphylococcus aureus is among the most common pathogens in humans, and it has been argued that the bacterium has learned to anticipate the immune response and to turn it against the host (Fraunholz and Sinha 2012). As discussed above, S. aureus becomes an even more predominant pathogen in certain immune deficiencies, in particular in CGD. Obviously, the high frequency of S. aureus carriage combined with the capacity of this bacterium to infect even the healthy skin is likely to be an important factor for the frequency of S. aureus infection in patients with CGD. However, there is good evidence that specific molecular features of this microorganism contribute to S. aureus resilience in the absence of massive ROS production by the phagocyte NADPH oxidase. This point is particularly well illustrated when comparing S. aureus to coagulase-negative staphylococci. Indeed, the latter are much more frequent colonizers of the skin; however, virtually no cases of abscesses due to coagulase-negative staphylococci have been reported in patients with CGD. Transmission of S. aureus mostly occurs through contact by hands, where the bacterium can survive only for a limited time period, while its long-term survival is assured through colonization of mucosal surfaces, in particular the nasal epithelium. The dependence of S. aureus on survival on mucosal surfaces is-from an evolutionary point of view-probably the most relevant driving force for this specific feature of this bacterium. In other words, the key characteristics of this bacterium are probably not explained by its capacity to cause disease (which does not contribute to the survival of the species), but rather by its capacity for being transmitted from a healthy carrier to another person, as well as its capacity of long-term colonization of mucosal surfaces. The agr quorum-sensing system. The agr quorum-sensing system regulates gene expression according to population density and environmental cues. The AIP stimulates autophosphorylation of AgrC, which will then activate AgrA. AgrA induces transcription of promoter P2, leading to the transcription of agrABCD which maintains the quorum-sensing system active, and P3, which is responsible for the synthesis of RNAIII. RNAIII regulates the translation of surface proteins, excreted toxins and factor Rot by blocking or activating the RBS. In addition, AgrA also directly regulates the expression of phenol-soluble modulins (psm), which act as surfactant molecules.
Staphylococcus aureus is able to survive and to adapt to environmental changes through metabolic adjustments as well as through expression of virulence factors. Expression of virulence factors is regulated by various types of stress and occurs in a precisely regulated temporal manner (Somerville and Proctor 2009 ).
The genome of S. aureus encodes the agr (accessory gene regulator) quorum-sensing system and several two-component systems (TCS) that regulate gene expression according to population density and environmental cues, respectively. The quorum-sensing system is composed of a transmembrane protein AgrB that processes and transports the small AgrD peptide outside of the cell to become the autoinducing peptide, AIP (Fig. 3) . If the concentration of the AIP in the medium is sufficiently elevated, reflecting a high number of bacteria, it will interact with the receptor of the AgrCA TCS. Typically for TCS, AgrC is a histidine kinase that senses a stimulus and will be activated by autophosphylation. The sensor kinase will then activate the transcriptional activator AgrA by a phosphorelay system. Once activated, the AgrA protein will stimulate transcription from promoter P2 of the agrBDCA operon resulting in a positive feedback loop. At the same time, the AgrA protein will also stimulate the divergent promoter P3, which is responsible for the synthesis of RNAIII, a regulatory RNA of 514 nucleotides. RNAIII will hybridize to different mRNAs in the cell and, depending on the location of the complementary sequence, either block the ribosome-binding site (RBS) to repress translation or free the RBS to activate translation (Novick 2003; Boisset et al. 2007) . Through this divergent regulation, bacteria at low cell density express surface proteins, such as fibrinogenbinding protein or protein A, and, at high population density, secreted proteins, such as hemolysins. It has been shown that interfering with RNA decay results in elevated agrBDCA mRNA and thereby reduces in an AgrA-dependent manner biofilm formation and increases hemolysis (Oun et al. 2013) . RNAIII not only represses directly the individual expression of surface or secreted proteins, but also the transcription factor Rot, thereby regulating indirectly the entire exoprotein regulon (Boisset et al. 2007) . Upon binding of RNAIII to its target RNA, the double-stranded RNA is rapidly cleaved by RNase III, which results in rapid degradation of repressed mRNAs (Romilly et al. 2012) . Interestingly, the agr operon contains a slippery sequence (i.e. a codon nucleotide sequences which controls ribosomal frameshift) in the AgrA open-reading frame that leads, if out of frame, to a delayed quorum-sensing response (Traber and Novick 2006) . It is likely that many of these staphylococcal stress signaling pathways are modulated by NOX2-derived ROS; however, hitherto there are relatively few studies that have addressed these questions. A notable exception is a study by Pang et al. (2010) , which has investigated the impact of HOCl, i.e. the product of NOX2 and MPO activity. The results suggest that AIP levels are markedly decreased by HOCl and that, in the absence of functional NOX2, increased AIP concentrations alter staphylococcal gene expression (e.g. increased expression of RNAIII).
In addition to the regulation of RNAIII, AgrA also directly regulates the expression of phenol-soluble modulins (PSMs) (Queck et al. 2008) . PSMs act as surfactant molecules influencing biofilm structure and interfering with the host immune response (Periasamy et al. 2012) . PSM peptides have the capacity to lyse host cells including neutrophils before (Wang et al. 2007 ) and after phagocytosis (Chatterjee et al. 2013; Surewaard et al. 2013) . Interestingly, it was reported that PSM expression in phagosomes is not regulated by AgrA, but rather by the stringent response (Geiger et al. 2012) .
Toxins
Staphylococcus aureus owns a large number of secreted toxins, which contribute to its virulence. Because many of these toxins are encoded on mobile genetic elements, such as plasmids or prophages, they can be widely transferred between strains via horizontal gene transfer. Several mechanisms have been identified through which toxins can cause cell death, such as membrane damaging toxins (leukocidin, α toxin), proteases (aureolysin, staphylokinase) or superantigens (staphylococcal toxic shock syndrome toxin).
Alpha toxin is probably the best known S. aureus toxin and is lytic for many cells (red and white blood cells, epithelial cells) (Otto 2014) but does not seem to affect neutrophil plasma membrane (Valeva et al. 1997) . However, α-toxin of phagocytosed S. aureus targets the phagosomal membrane, which differs from plasma membrane in its phospholipid composition, and might contribute to the evasion of the bacterium neutrophil killing through the formation of pores in the phagosomal membrane (Pang et al. 2010) .
Panton-Valentine Leukocidin (PVL)-positive S. aureus strains cause particularly aggressive skin infection and necrotizing pneumonia (Lina et al. 1999) . PVL is a cytolytic toxin for myeloid cells, including neutrophils, and is composed of two subunits: LukS-PV and LukF-PV. It has been suggested that PVL may contribute to the bacterial virulence by causing the lysis of myeloid cells. In vitro studies have shown that the concentration of PVL to achieve cytolysis may not be reached in vivo (Graves et al. 2010) ; however, the possibility that relatively high concentrations of the toxin can be achieved in the phagosome should be considered. Alternatively, the effects of sublytic concentrations of PVL might explain the role of this toxin in pathogenicity. PVL has been found to activate neutrophils, including release of chemotactic molecules (e.g. IL-8) and exocytosis of granules (König et al. 1994 (König et al. , 1995 . In the presence of sublytic concentration of PVL, there is a redistribution of NOX2 components with an increased production of O 2 − and a release of MPO and an acceleration of apoptosis (Graves et al. 2012) . Surprisingly, all these phenomena enhance the proinflammatory response and yet they seem to favor S. aureus rather than the host. To our knowledge, the impact of PVL expression on staphylococcal infection in CGD models has not been investigated.
Escape from immune system
Although normally inhabiting peacefully our nasal cavity, in case of an accidental introduction into other parts of our body, S. aureus not only has weapons to kill neutrophils but also to avoid them. Two major capsule serotypes, CP5 and CP8, are present in clinical strains and protect the bacteria against the complement action. The expression of these polysaccharide capsules is stimulated by the agr quorum-sensing system and the staphylococcal accessory regulator SarA, a key transcriptional regulator for virulence factors (Luong et al. 2002; Gupta et al. 2013) . Another way to escape the complement system is the expression of the staphylococcal complement inhibitor, SCIN, that inhibits the C3 convertase (Rooijakkers et al. 2005) and thereby blocks the opsonization by C3b and avoids C3a that is important for chemotaxis and mast cell degranulation. An even more important antichemotactic activity is observed for the chemotaxis inhibitory protein, CHIPS (Postma et al. 2004) . The 149 amino acid long and phage-encoded protein binds to the C5a and formylated peptide receptors, C5aR and FPR, respectively (de Haas et al. 2004; Postma et al. 2004) . Similarly, extracellular adherence protein (Eap) inhibits neutrophil adhesion to ICAM-1 and thereby diapedesis (Chavakis et al. 2002; Haggar, Ehrnfelt and Flock 2004) .
Intracellular survival (professional vs non-professional phagocytes)
The ability of S. aureus to survive for long periods within phagocytes was first described in 1952 by Rogers and Tompsett (Rogers and Tompsett 1952) . Despite these early observations, S. aureus was for a long time essentially considered as an extracellular
pathogen. Yet, there is increasing evidence that S. aureus can survive within cells, such as long-lived phagocytes (macrophages, DCs), but also non-professional phagocytes (for example, endothelial and epithelial cells, osteoblasts, fibroblasts; Sinha et al. 1999) . These intracellular reservoirs protect the bacterium from immune defense and from many antibiotics that have a poor penetration into the intracellular space, such as beta-lactams and aminoglycosides (Clement et al. 2005) . Specific mechanisms by which S. aureus can be internalized inside professional and non-professional phagocytes are discussed below in the section 'Biochemistry and cell biology of Staphylococcus aureus and host cells interaction'.
Staphylococcus aureus antioxidant defense
Anti-oxidant enzymes, such as catalase and superoxide dismutase, contribute to defense mechanisms, protecting bacteria against ROS within the phagosome (Fig. 4) . The gene katA encodes for catalase, a heme enzyme that converts H 2 O 2 into H 2 0 and O 2 , thus decreasing H 2 O 2 levels (and indirectly also levels of other ROS, such as HOCl, singlet oxygen, hydroxyl radical) within the phagosome. Staphylococcal catalase, once produced, accumulates extracellularly (Clements and Foster 1999) . The transcription of katA is regulated by PerR, a peroxide-sensing protein, and ferric uptake regulator (Fur), an iron-sensing transcriptional regulator (Gaupp, Ledala and Somerville 2012) . Using different levels of catalase expression in S. aureus, Mandell showed in 1975 that there was a good correlation between the catalase activity and the staphylococcal survival inside neutrophils (Mandell 1975) . Moreover, the addition of an exogenous catalase decreased the ability of neutrophils to kill a low catalase-producing strain, but did not change the virulence of high catalase-producing strains. The reason why patients with CGD are predisposed to catalase-positive organism infections remains poorly and mitochondrial SOD2 and from hydrogen peroxide through a cytoplasmic catalase. Thus, phagocytes can attack bacteria through ROS production without being damaged themselves. However, the accumulation of O2 − inside the phagosome induces the expression of the staphylococcal SodA and SodM as mechanisms of bacterial defense. Indeed, these two genes encode for two SOD that catalyze the dismutation of O2 − into H2O2. Importantly, the bacterial SOD within the phagosome not only protects S. aureus from superoxide, but also from hydroxyl radicals generated through the Fenton reaction and from peroxynitrite production through interaction of O2 − with nitric oxide (NO). The production of H2O2 activates the transcription of katA through the regulation of a peroxide sensing protein (PerR) which leads to the expression of the staphylococcal catalase, an enzyme that converts H2O2 into H20 and O2 and thereby prevents generation of the microbicidal HOCl by the MPO (note that because of its cytoplasmic localization, the mammalian catalase does not prevent HOCl generation through MPO in the phagosome). The transcription of katA is also regulated by a ferric uptake regulator (Fur).
understood. The following hypothesis is discussed: H 2 O 2 generated by catalase-negative organisms accumulates within the phagosome and thereby renders phagosomal killing of these organisms less dependent on NOX2. Thus, catalase-positive bacteria and fungi can limit the accumulation of their selfproduced H 2 O 2 within the phagosome and thereby prevent the formation of HOCl in the absence of NOX2 (Holmes and Good 1972) . However, this hypothesis has been challenged. First, infections with catalase-negative organisms have been described in patients with CGD, in particular Haemophilus influenzae and Actinomyces (Ben-Ari et al. 2012) . More directly addressing the point were studies on infection with catalase-negative S. aureus in a mouse model (Messina et al. 2002) . Indeed, a small number of S. aureus isolates lack catalase (Teo et al. 2015) . Messina et al. therefore compared the catalase-negative and catalase-positive S. aureus strains. They observed a decreased survival of CGD mice not only with the catalase-positive but also with the catalase-negative strains. However, there are two puzzling observations that raise the question whether these catalase-negative strains had additional virulence factors: (i) while previous studies suggested that low catalase expression led to decreased virulence in the wild-type situation (Mandell 1975) , there was a paradoxical effect observed with these catalase-negative strains in wild-type mice, namely a trend towards increased virulence; (ii) in CGD mice, the bacterial load in the kidney was increased with the catalase-negative strain. In studies using Aspergillus nidulans (Chang et al. 1998) , the impact of catalase deletion was studied in an isogenic background. As A. nidulans possesses two catalases, single deletions and double deletion mutants were studied. No impact of catalase deletion on virulence of A. nidulans in CGD mice was found. The S. aureus genome also encodes two superoxide dismutases (SodA, SodM). These metalloproteines catalyze the dismutation of superoxide into H 2 O 2 , which can then be degraded by catalase. Measurements of enzyme activity suggested that superoxide dismutase (SOD) expression depends on ROS levels (Das, Saha and Bishayi 2008) . Later studies on a more molecular level suggested that the two genes sodA and sodM are regulated by SarA. However, while sodA was induced by internally generated O 2 − (Karavolos 2003) , sodM was induced by exogenous O 2 − (Gaupp, Ledala and Somerville 2012) . Early studies had suggested that SOD has only a minimal effect on S. aureus virulence (Mandell 1975) . A later study showed protection from oxidative stress through an SOD (copper/zinc SOD from bovine erythrocytes) attached on the surface of the bacteria through IgG cross-linking (Hampton, Kettle and Winterbourn 1996) . Taken together these studies on antioxidant enzymes in S. aureus suggest the following scenario:
1. There is little evidence that SOD contributes to the defense of S. aureus against the phagocyte NADPH oxidase. 2. Staphylococcus aureus catalase might contribute to the defense against the phagocyte NADPH oxidase and hence increase pathogenicity in the wild-type situation; however, there is presently no evidence that catalase contributes to pathogenicity in the CGD situation. 3. Catalase-deficient S. aureus strains might have additional pathogenicity mechanisms: the impact of isogenic strains on infection of CGD mice needs to be investigated. 4. The question why patients with CGD are more frequently infected with catalase-positive organisms remains to be explained.
Small colony variants
Staphylococcus aureus may form slow-growing subpopulations, known as small colony variants (SCVs). The first description of SCVs goes back to 1910, when Jacobsen discovered such variants in Salmonella typhi (Jacobsen 1910) . Discovery of SCVs in S. aureus is credited to Hoffstadt and Youmans (Swingle 1935) . Typically, S. aureus SCVs form nearly one-tenth the size of wild-type bacterial colonies, have decreased respiration, decreased pigmentation, decreased hemolytic activity, decreased coagulase activity and an unstable colony phenotype (Proctor et al. 2006) . There is evidence that the small colony phenotype is caused by increased expression of the sigma factor SigB, leading to upregulation of adhesins and downregulation of toxins, which are characteristics of SCVs (Tuchscherr and Löffler 2015) . Mutations involving specific elements of the DNA repair system have also been implicated in mechanisms of formation of SCVs (Galhardo, Hastings and Rosenberg 2007; Painter et al. 2015) . In line with the complexity of the mechanisms leading to formation of SCVs, it has also been suggested that there are several types of SCVs with different phenotypic properties. Some of them show an increased resistance to oxidative stress, which appears to be-at least in part-mediated by enhanced catalase expression (Painter et al. 2015) . There are no specific reports on SCVs in patients with CGD, while this topic has received considerable attention for example in patients with cystic fibrosis (Sadowska et al. 2002) . It is not clear whether this topic simply has not been studied in patients with CGD or whether S. aureus variants do not play a role in CGD pathology.
EXPERIMENTAL MODELS OF STAPHYLOCOCCAL INFECTION IN CGD
Animal models of CGD
Mice and rats are widely used as model organisms to study human pathologies. Indeed, from an evolutionary point of view, rodents are relatively close to primates. They are amenable to genetic manipulation and given their small size, breeding is relatively easy. Yet, genetic deletions in rodent models do not always faithfully reproduce human genetic diseases. In the case of CGD, this question has been addressed in detail and an astonishingly good correlation between human pathology and the mouse CGD models has been found (Table 2) . Two types of mouse models are used in research, either using a knockout to inactivate a gene, such as gp91 phox , or a mutant mouse, where naturally occurring loss of function mutations are used to establish the respective model (e.g. Ncf1 (p47 phox ) mutations; Huang et al. 2000) . And while there are possibly some differences between these types of models, the relatively high degree of similarities argues in favor of their robustness. As opposed to the mouse models, the rat models of CGD have been less studied and in particular received only little attention with respect to the infectious phenotype. Two types of CGD rat models have been described. The first one, called Matsumoto Eosinophilic Shinshu (MES) rat, has a deletion of four nucleotides in the CYBA gene leading to a complete deficiency in the p22 phox protein and a virtually complete absence of ROS generation (Mori et al. 2009) . In this study, MES rats were investigated in an experimental Staphylococcus aureus peritonitis model and zero mortality in both wild type and MES rats was found. However, no detailed results of these infection experiments were shown and the conclusion that MES rats do not have a decreased innate immunity should be taken with caution. The MES rats show other phenotypes, such as systemic hypereosinophilia, neutrophilia and IgM and IgA hypergammaglobulinemia; however, these phenotypes appear to be strain dependent and hence most likely involved modifier genes (Tomozawa et al. 2011) . The second rat CGD model is a p47 phox mutant, which was discovered because of its increased sensitivity to collagen-induced arthritis (Hultqvist and Holmdahl 2005) . Its seems, that the sensitivity to infection has not been studied in this model.
Staphylococcal infections in NOX 2-deficient mice
To our knowledge, three studies have directly addressed infection of CGD mice with S. aureus. The inoculation of the pathogen was different in these studies. One study used injection into the peritoneum of mice (Pollock et al. 1995) , a second investigated tail vein injection (Pizzolla et al. 2012) , and, in the third study, bacteria were inoculated in the lung. In all studies, an increased sensitivity to S. aureus was found. In the original study describing the generation of CYBB (=NOX2, =gp91 phox )-deficient mice, Pollock et al. injected intraperitoneally 2×10 7 cells of S. aureus (strain 502A). The authors found a delay in the clearance of viable S. aureus from the peritoneal cavity in the first 48 hours and an increased number of abscesses within the abdominal cavity of X-CGD mice as compared to wild-type mice. Pollock et al. noticed no impairment in neutrophil migration into the peritoneal cavity, consistent with the previous observations that NOX2-deficient leukocytes have a defect in microbicidal activity, but not in cell motility (Pollock et al. 1995) or phagocytosis (Quie et al. 1967) . Pizzolla et al. studied systemic infection of S. aureus (strain 1056A) in Ncf1 mutant mice vs Ncf1 wild-type mice (note that Ncf1 is the name of the gene coding for the p47 phox subunit of NOX2). After inoculation of S. aureus in the tail vein, they observed a higher number of soft tissue infections (pawns, tail, limbs, head and neck) and a higher mortality in Ncf1/p47 phox mutant mice. Pizzolla et al. also addressed the question whether Ncf1 in monocytes/macrophages or in neutrophils was crucial for the efficient anti-staphylococcal defense, by using a transgenic rescue of Ncf1/p47 phox under the control of the CD68 promoter (which generally is active in monocytes/macrophages, but not in neutrophils). The results rather surprisingly suggested a crucial role for monocyte/macrophage NOX2 (Pizzolla et al. 2012) . These results are in apparent contradiction with the widely held concept that neutrophils are the key defense against S. aureus. We propose that the importance of monocyte/macrophages shown in the study of Pizzola et al. can be explained by the mode of inoculation. Indeed, in systemic blood stream infection, the importance of neutrophils is limited ('a neutrophil can crawl but cannot swim'), while perivascular macrophages play a key role in phagocytosing and killing circulating bacteria. Note, however, that the most common S. aureus infections in patients with CGD, namely skin infections have not been investigated. It is therefore tempting to speculate that in this setting the neutrophil NOX2 would be the crucial host defense element. The third study investigated S. aureus pneumonia through direct inoculation of a methicillin-resistant S. aureus strain (MRSA) (Sun et al. 2016) . As expected CGD mice died from the infection, while most wild-type mice survived. This study also investigated post-influenza S. aureus pneumonia. In this situation, wild-type mice also became highly susceptible to MRSA infection. A puzzling observation of this study is the fact that the wild-type mice responded less to antibiotic treatment than CGD mice. In summary, while only few studies are available, the mouse data confirms the importance of NOX2 for the defense against S. aureus. However, caution is necessary when it comes to detailed mechanisms. Indeed, the human and the mouse immune system shows marked differences (Mestas and Hughes 2004) and observed mechanisms need to be validated in humans or in in vitro systems. Mice with a humanized immune system might also become and interesting tool for this purpose (Brehm et al. 2014) .
BIOCHEMISTRY AND CELL BIOLOGY OF STAPHYLOCOCCUS AUREUS AND HOST CELLS INTERACTION
Host cells and S. aureus can interact in several ways. Staphylococcus aureus surface molecules (e.g. peptidoglycans, wall teichoic acids, lipoteichoic acids or fibronectin-binding protein (FBP)) can either directly interact with surface receptors on host cells or interact indirectly via serum proteins. In addition, soluble factors released by S. aureus may contribute to leukocyte chemotaxis and/or leukocyte priming and activation.
Phagocytosis and killing of Staphylococcus aureus
As discussed above, S. aureus can be engulfed by professional phagocytes as well as many other cell types, such as epithelial and endothelial cells, fibroblasts or osteoblasts. Globally speaking, S. aureus phagocytosis by professional phagocytes is an active host-mediated mechanism with the ultimate goal of bacterial killing. The phagosome is a non-constitutive intracellular compartment, rapidly assembled in response to contact with microorganisms. In professional phagocytes, phagocytosis is typically induced by phagocytic receptors recognizing opsonized microorganisms, in particular complement receptors, which recognize complement-opsonized microorganisms, and Fc receptors that recognize antibody-opsonized microorganisms. In addition, phagocytes also have phagocytic receptors that recognize microbial patterns (van Kessel, Bestebroer and van Strijp 2014) . In general, it is thought that opsonization allows for a better uptake of bacteria through phagocytes and enhances the microbial killing. Opsonins typically target microbial surface proteins and cell-wall components like peptidoglycan and teichoic acid (Silhavy, Kahne and Walker 2010; Brown, Santa Maria and Walker 2013) .
In contrast, phagocytosis of S. aureus by 'non-phagocytic cells' is rather considered as a mechanism of host cell invasion, mediated by bacterial proteins (e.g. FBP; Sinha et al. 1999) .
Phagocytosis by professional phagocytes (neutrophils, macrophages, DCs)
Phagocytosis by professional phagocytes is generally considered as an important process to eliminate pathogens, as these cells are equipped with powerful bactericidal mechanisms. However, there are clear differences in the capacity of professional phagocytes to kill staphylococci. Neutrophils have a powerful killing machinery and are generally thought to be able to eradicate S. aureus infection, although under certain circumstances there might be some survival in neutrophils and that this might even contribute to dissemination (Thwaites and Gant 2011) . The situation for monocyte/macrophages is more complex. Unstimulated macrophages express relatively low amounts of NOX2, have a relatively poor bactericidal capacity and therefore are a possible site of S. aureus intracellular survival. It has been suggested that, in macrophages, S. aureus may escape from phagosome into the cytoplasm, causing cell lysis (Kubica et al. 2008) . Interestingly, pretreatment of macrophages with IFN-gamma (which leads to increased NOX2) leads to efficient killing of S. aureus (Casbon et al. 2012) . A study on killing of S. aureus by DCs suggests that these cells basically have the capacity to kill S. aureus, but are inefficient against strains expressing high levels of the virulence factor agr (O' Keeffe et al. 2015) .
Internalization by nonprofessional phagocytes
The first step to invade host cells is to attach to their cell surface. Staphylococcus aureus owns a broad spectrum of adhesive proteins, which confer the ability to recognize several glycoproteins found in the extracellular matrix or host cell membrane. There are two types of adhesive proteins: (i) the MSCRAMM proteins (microbial surface components recognizing adhesive matrix molecules) are located on the surface of the bacteria, for example, FBP, and (ii) the SERAM proteins (secreted expanded repertoire adhesive molecules) are secreted from the bacteria, such as the 'extracellular adherence protein' (Eap) and seem also to interfere with host defense mechanisms (Hammel et al. 2007) . Once staphylococcal adhesive proteins are linked with host cell integrins (α5β1 integrin), the host cell cytoskeletal remodeling is activated and S. aureus enters through an F-actin-dependent zipper-type mechanism, similar to a professional phagocytes engulfment (Sinha et al. 1999; Clement et al. 2005) .
TLRs and recognition of Staphylococcus aureus
TLRs are an important part of the innate immune system. The TLR that has been most studied in the context of S. aureus infection is TLR2. TLR2 is expressed by phagocytes and plays an important role in the detection of several microorganisms and microbial structures such as staphylococcal peptidoglycan and lipoteichoic acid. TLR2 itself is not a phagocytic receptor, but activates the transcription of several genes coding for cytokines, chemokines and other proinflammatory molecules, leading indirectly to stimulation of phagocytosis (Fournier and Philpott 2005 ; van Kessel, Bestebroer and van Strijp 2014). In phagocytes, there is NOX2 activation downstream of TLR2 stimulation; however, it is not clear at this point to which extent the lack of TLR2-induced ROS generation contributes to CGD pathology.
Signaling in response to
Staphylococcus aureus/host cell interaction: caspase-1, inflammasome and NOX2
Activation of caspase-1 through the inflammasome is a crucial host-defense mechanism. Basically, the inflammasome is a specialized intracellular protein complex that regulates the proteolytic activation of proinflammatory cytokines of IL-1 family. The main compound, NOD-like receptor (NLR), acts as a sensor for pathogen-associated molecular patterns, such as peptidoglycans in the case of S. aureus (Shimada et al. 2010 ) and endogenous danger-associated molecular patterns (such as ATP, uric acid) (Lamkanfi and Dixit 2009) . NLRP1, NLRP3, NLRP6, NLRP7, NLRP 12 and NLRC 4-containing inflammasomes have been described and all are thought to be involved in innate immunity (Latz, Xiao and Stutz 2013) . NLRP3-containing inflammasome regulates the activation of IL-1β and is the most studied inflammasome despite the fact that its mode of activation remains unknown. NLRP3 is activated after phagocytosis and then cleaves caspase-1, a proteolytic enzyme existing in an inactive form in the cytosol which will in turn activate and promote the release of IL-1β, present in a biologically inactive form inside the cell (Latz 2010) . While earlier studies had raised the possibility that NOX2 is involved in the process of inflammasome/caspase 1 activation (Dostert et al. 2008) , several recent studies have suggested that this not the case (Meissner et al. 2010; van Bruggen et al. 2010; van de Veerdonk et al. 2010) . This is corroborated by the fact that most studies in patients with CGD and CGD mice show increased rather than decreased levels of cytokines including IL1β (Schäppi et al. 2008) .
CONCLUSION AND OUTLOOK
Staphylococcus aureus colonizes about 20% of the human population. Yet in the immunocompetent host, infections are relatively rare and typically restricted to wounds and infections related to trauma. However, patients suffering from neutrophil dysfunction, in particular patients with NOX2-deficient CGD, are highly susceptible to severe and recurrent staphylococcal infections. Thus, the ROS generating enzymes NOX2 plays an essential role in the defense against S. aureus. The mechanism by which ROS and NOX2 protect the organism from S. aureus infection is complex and only partially understood. The importance of NOX2-dependent ROS generation for the killing of S. aureus is particularly puzzling because this bacterium has multiple defense mechanisms against ROS and oxidative stress. Thus, while direct killing of S. aureus by ROS might be a part of the story, it certainly does not explain the entire picture. Two additional mechanisms might be particularly relevant: ROSdependent deregulation of S. aureus gene expression (i.e. breakdown of the staphylococcal AIP protein by HOCl) and ROSdependent regulation of host immune cells (i.e. fine tuning of cytokine levels). There is clear experimental evidence supporting both mechanisms; however, detailed investigations of the relative importance and the molecular aspects are lacking. In particular, despite the availability of a good mouse model of CGD, only very few studies (Pollock et al. 1995; Pizzolla et al. 2012) have used these models to investigate the underlying pathophysiology. Nevertheless, precisely such studies are needed not only to improve the treatment of patients with CGD but also to provide a better understanding of S. aureus pathogenesis. It should also be mentioned that the development of drugs activating NOX2 is underway (Hultqvist et al. 2015) ; whether such drugs might become useful for the treatment of S. aureus infections in selected patient subpopulations remains to be seen. Understanding how the lack of ROS regulation of host cells facilitates S. aureus infection should also provide a more in-depth understanding of the fine tuning of the innate immune response and its cross talk to specific immunity, possibly resulting in novel anti-infectious strategies. Finally, the understanding of the ROSdependent deregulation of staphylococcal gene expression has a very high potential to provide new microbial targets for drug development.
